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Sediments collected from various cores in Mississippi Canyon 118 were tested to
evaluate the abilities to promote natural gas hydrate formation. Hydrate memory effects of
sediments with in-situ seawater were of a major concern. Their possible mechanisms were
combined to give an overall hypothesis on the bioproducts-mineral-microorganism system.
Unique permanent memory effects in the sediment were found. Temperatures from 50 to
65°C dissipated memory effects by disrupting microbial cell wall.
The catalytic effect of purified surfactin from Bacillus subtilis on hydrate formation
was studied in the presence of smectite clays. The interlayer spacings of clays measured by
X-ray powder diffraction indicated that hydrate formation and surfactin adsorption on the
smectite clays have impacts on their structures.

Laboratory gas sequestering was also conducted by hydrate formation to study the
factors that may affect the separation of its hydrate-forming gases. The effects of agitation,
temperature, initial pressure and thermal conductors were explored.
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CHAPTER I
INTRODUCTION

Natural gas hydrates, formed from a mixture of natural gas and water at sufficiently
low temperature and high pressure conditions, are found on continental margins in
off-shore seafloor sediments and in sub-permafrost regions on-shore. Wherever conditions
meet the required low temperature, high pressure conditions and where there is the gas
saturation of the water, hydrates form. Their unique chemical and physical characteristics,
as well as their potential as an energy resource and a climate hazard, have aroused intense
attention and research interest during recent decades.
Currently, deep-sea drilling projects for natural gas hydrates are proposed and
executed in countries like the United States, Japan, India and China. Field studies and
research-well drillings have been done in places such as the northern Gulf of Mexico, the
North Slope of Alaska, the arctic region in Canada, the South China Sea, and the Nankai
Trough offshore Japan.
The ongoing research reveals an enormous amount of concentrated natural gases,
predominantly methane, in ocean hydrates. A total amount of 300,000 trillion cubic feet
(TCF) of methane in hydrates in the United States are estimated; about 21,000 TCF of
1

overall gas hydrates are sequestered in the Gulf of Mexico; 85 TCF of technically
recoverable gas hydrates exist in northern Alaska [Folger, 2008].
Although the hydrates are attractive as a potential fuel resource, great challenges
for commercial exploration and production are presented. Many ocean hydrate deposits
cover a wide area as dispersed hydrates, which make them difficult to recover. The
hydrates are sensitive to environmental changes such as temperature and pressure change.
Methane, a more hazardous greenhouse gas than carbon dioxide, if released from hydrates
could cause severe climate problems. Moreover, the hydrate deposits associate with and
stabilize the geological and biological communities on the ocean floor as an ecological
unit.
Therefore, further research is needed on techniques to stabilize the hydrates or
minimize the impacts of exploration so that the efforts do not trigger damage to the climate
or the ecosystem.
This research is primarily directed toward a better understanding of the synergy of
microbes, minerals, and bioproducts in forming hydrates on the ocean floor. Secondarily, it
also addresses the natural separation of gases that form hydrates.
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CHAPTER II
LITERATURE REVIEW

2.1

Definition of Natural Gas Hydrates
Natural gas hydrates are non-stoichiometric crystalline structures comprised of

hydrogen – bonded water molecules forming cavities; gas molecules occupy the cavities to
stabilize the crystal structure.
The hydrogen – bonded water molecules (host) form asymmetric cavities that trap
at most one gas molecule (guest) for each cavity, depending on the prevailing pressure and
temperature. Gas hydrates consist of repetitive crystalline units with three types of crystal
structures: cubic structure I (sI), cubic structure II (sII) or hexagonal structure H (sH).
These two unique properties characterize the clathrate hydrates and distinguish themselves
from other clathrates [Sloan, 2007].

2.2

History of Sea Floor Gas Hydrates
The first discovery of in-vitro gas hydrates was made in the laboratory of Sir

Humphrey Davy in 1810 [Davy, 1811]. But it was not until 1945 that the possible existence
of in-situ gas hydrates in marine geological systems was first proposed by Russian
3

Professor I. N. Strizhev [Makogon, 1997]. In 1963, samples from the permafrost region of
Northwest Yakut were examined, and hydrate was substantiated to exist [Makogon, 1965].
Therefore, the first existence of natural gas hydrates was explored in Yakut and at the
Messoyakhia field in Siberia in 1967 [Makogon, 1997]. As no direct measurements of
methane content in these hydrate deposits were available, the amount of methane in them
was estimated to be within a range of 1 × 1015 to 7.6 × 1018 standard cubic meters
[Soloviev].

2.3

Memory Effect of Gas Hydrates
The nucleation and probably the growth during hydrate formation are dependent on

the history of the system. That is, the induction time is significantly reduced in the
subsequent hydrate reformation from the preceding hydrate melt. This phenomenon is the
so-called memory effect, since a reformation is easier than initial formation.

2.3.1

Possible Mechanisms for Memory Effect
To probe into the nature of the hydrate memory effect, techniques such as Raman

spectroscopy, NMR, and neutron diffraction have been applied during the past decade to
provide molecular-scale information on hydrate formation and decomposition. Based on
the results from these applications along with thermodynamic or kinetic data, two possible
mechanisms have been proposed. First, it is hypothesized that gas molecules remaining
4

dissolved in the aqueous solution after dissociation at higher concentrations promote the
hydrate reformation [Uchida, 2000; Rodger, 2000]. Second, a certain level of modified
water structure is hypothesized to remain in the hydrate melt and cause the fast hydrate
re-growth [Thompson, 2006; Takeya, 2000].
The analysis of a carbon dioxide hydrate-system suggested that gaseous CO2
remaining in the hydrate melt affected the CO2 hydrate reformation when the system was
cooled rather than pressurized [Uchida, 2000], whereas the results from the
freezing-memory effect on CO2 hydrates after various treatments implied that hydrate-like
water structure after hydrate dissociation would prompt CO2 hydrate reformation [Takeya,
2000].
Molecular dynamics simulations performed on methane/water molecules revealed
that the residual ice-like structures are predominant over the hydrate-like structures
although they both were significantly increased after hydrate melting compared to those in
bulk water [Rodger, 2000]. Therefore, Rodger concluded that the remaining high
concentration of methane in the hydrate melts contributed more to the memory effect in
such a system.
Neutron diffraction experiments also indicated no evidence of structural alteration
of water molecules, including molecules around methane, before and after methane
hydrate formation [Buchanan, 2005]. However, Thompson reported the remaining hydrate
crystallites affected the local water structures, which further affected the hydrate
5

reformation [Thompson, 2006]. The above research was performed on a gas-water solution,
and no porous media, surfactants or inhibitors were involved in the system.

2.3.2

Removal of the Memory Effect on Systems with No Packed Porous Media
In the macroscopic view, the hydrate memory effect depends on past thermal

history after decomposition. Therefore, this effect was to be removed or partially removed
either by decomposition of hydrates at a sufficiently high temperature or at a lower heating
rate, or by increasing the time of the thermal treatments [Dearman, 2007; Buchanan, 2005;
Moudrakovski, 2001; Tohidi, 2000]. For instance, the memory effect in a
methane-propane/water system (no porous media) was reported to be eliminated after
treatment at 227 K at atmosphere pressure for 1 hour [Nerheim, 1994]. The mechanism
behind the removal of memory effect could possibly be the disappearance of residual
structured water molecules in the high-temperature treated hydrate melt [Lederhos, 1996
a].
In addition to thermal treatments, kinetic inhibitors were also reported to eliminate
the memory effect in a system containing no porous media [Wilson, 2008; Lee, 2006, 2007;
Zeng, 2006].

6

2.4

Hydrate Inhibitors
The application of hydrate inhibitors in the oil and gas industry is to prevent

hydrate from interfering with operations or to prevent the blocking of gas pipelines in
transportation [Sloan, 1998; Hunt, 1996; Englezos, 1996]. There are three types of hydrate
inhibitors: thermodynamic inhibitors, kinetic inhibitors and anti-agglomerate inhibitors.

2.4.1

Thermodynamic Inhibitors
Thermodynamic inhibitors, such as alcohols, glycols and salts, are the most

extensively used inhibitors that act in an analogous manner to the depression of the
freezing point of ice [Sloan, 1998]. They shift the three-phase diagram of thermal
equilibrium in the hydrate system in a direction to require more severe conditions for
hydrates to form. As a result, the hydrate inhibition causes the operational temperatures
and pressures of the gas pipeline or other systems to be outside of the hydrate formation
region.
Methanol and ethylene glycol are typical thermodynamic inhibitors applied in
industry. The concentration of these inhibitors required to successfully prevent hydrate
formation is high and ranges from 10 wt% to 50 wt% of the free water phase. Thus, costs
may approach $500 million per year for just methanol injection [Sloan, 1992].
Salts as thermal inhibitors affect hydrate formation in two major ways. First, the
cations and anions in dissolved salt solution display a stronger bonding to water molecules
7

than the hydrogen bonding accompanying hydrate formation. Therefore, an insufficient
local concentration of free water causes the depression of hydrate formation. Second, the
salt solution affects the solubility of gas in the aqueous system. This decrease in hydrate
guest molecules leads to hydrate inhibition [Sloan, 1998].

2.4.2

Low Dosage Hydrate Inhibitors (LDHI)
In recent years, polymer-based chemicals have shown promise to be more effective

as economic hydrate inhibitors than the relative high dosage thermodynamic inhibitors
[Lee, 2007; Kelland, 2006; Zeng, 2006; Mehta, 2003; Sloan, 1998; Lederhos, 1996 b].
These LDHIs are divided into kinetic inhibitors (KI) and anti-agglomerates (AA). LDHIs
exhibit the ability to retard hydrate nucleation, growth and agglomeration rather than
preventing hydrate formation [Huo, 2001].
The KIs retard the nucleation step of hydrate formation and thus increase hydrate
induction time [Lederhos, 1996 a, b]. Classical KIs are polyvinylpyrrolidone (PVP),
poly(N-vinylcaprolactam) (PVCAP) [Sloan, 1998]. The performance of some KIs can be
enhanced by the presence of additives like 2-butoxyethanol and polyethylene oxide (PEO)
[Cohen, 1998; Lee, 2005].
Anti-agglomerates, such as some emulsifiers and surfactants, prevent the
agglomeration and deposition of hydrate clusters by forming a slurry in the
liquid-hydrocarbon interphase [Klomp, 1995; Kelland, 1994; Behar, 1991]. Polyamine
8

polypropoxylates and other branched polypropoxylates were found to be new types of AAs,
while some of the former AAs exhibit weaker impacts on hydrate inhibition as KIs
[Kelland, 2009].
A new class of dual functional hydrate inhibitors, such as ionic liquids, was
discovered and investigated recently [Xiao, 2009]. They perform as thermo-kinetic
inhibitors, which reduce the nucleation and/or growth rate while also affecting the
three-phase equilibrium curve for the hydrate system. Their performance provides new
insight into more effective hydrate inhibitors.
Non-toxic, biodegradable and environmentally friendly polymers as so-called
“green inhibitors” represent a desirable trend [Kelland, 2006]. Antifreeze proteins and
natural polymers, such as starch and 1-alkyl-5-oxopyrrolidine-3-carboxylic esters, have
great potential to be applied in the industry as green inhibitors [Lee, 2007; Leinweber,
2009].

2.5

Microbial Communities in the Gulf of Mexico (GOM)
In the GOM, gas hydrates have been identified as abundant surface mounds

protruding from the seafloor in much of the north-central Gulf where both thermogenic and
biogenic hydrates were found at numerous locations [Hart, 2002; USGS, 2004]. Biogenic
hydrates are predominantly structure I methane hydrates, where guest gases were
generated from breakdown of organic matter in upper layers of deep-sea sediments.
9

Thermogenic hydrates are predominantly structure II hydrates formed from the thermal
breakdown of kerogen, primarily C1 to C4 hydrocarbons at greater depths.
The volume of hydrate-bound gas in the northwestern GOM has been estimated to
be about 8 to 11 × 1012 m3 at standard temperature and pressure (STP) in thermogenic gas
hydrates and around 2 to 3 × 1012 m3 standard cubic meters of methane in biogenic gas
hydrates [Milkov and Sassen, 2001].
Sassen et al. (1999) have proposed that rapidly growing hydrate crystals in the
outer layers of hydrate mounds, such as those found in the GOM, can be colonized by
microorganisms. Research suggests that there is a direct physical association between gas
hydrate accumulations in the GOM and microbes in the surrounding sediments within the
gas hydrate stability zone [Lanoil, 2001]. Furthermore, the compositions of the Bacteria
and Archaea communities were determined from sediment-entrained hydrate and interior
hydrate [Mills, 2005]. Radich (2009) demonstrated in laboratory tests that indigenous
microbes perform important roles in forming, stabilizing, and decomposing seafloor
hydrates.

2.5.1

Bacillus subtilis
Bacillus subtilis is a ubiquitous bacterium commonly found in water, soil and air. It

is identified to physically associate with GOM seafloor hydrates and sediments in the
seafloor gas hydrate stability zone [Lanoil, 2001; Mills, 2005].
10

Although B. subtilis was believed for a long time to be a strict aerobe, research has
revealed that B. subtilis is also one of the facultative anaerobes that can grow anaerobically
by respiration with nitrate as a terminal electron acceptor [Nakano, 1997], but not with
nitrite or fumarate in glycerol defined medium [Clements, 2002]. In some tests, glucose
and pyruvate were both required to grow B. subtilis by anaerobic fermentation [Clements,
2002]. Folmsbee [2004] reported that Bacillus subtilis required four deoxyribonucleosides
or DNA for growth under strict anaerobic conditions, while such requirements did not
occur under aerobic growth conditions. There exist morphologic changes of B. subtilis
cells from rods to longer filament-like structures when moved from aerobic to anaerobic
respiratory growth conditions [Hoffmann, 2006].
B. subtilis produces a variety of proteases and other peptides that enable it to
degrade a variety of natural substrates and contribute to nutrient cycling [TSCA, 1997]. A
well-known class of such bioactive peptides includes the lipopeptides surfactin [Hosono,
1983; Kakinuma, 1969; Arima, 1968], fengycin, and the iturin compounds, mycosubtilins,
and bacillomycins, which are amphiphilic membrane-active biosurfactants and sometimes
serve as peptide antibiotics with potent antimicrobial activities [Muaaz, 2007].
Under most conditions, the organism is not biologically active but exists in spore
form [Alexander, 1977] that is resistant to extreme environmental conditions of heat, acid,
salt and desiccation [TSCA, 1997].

11

2.5.2

Surfactin
Surfactin is primarily renowned for its exceptional surfactant power since it lowers

the surface tension of water from 72 mN/m to 27 mN/m at a concentration as low as 20ȝM
[Peypoux, 1999]. Natural sufactin is a mixture of cyclic lipopeptides built from variants of
a heptapeptide and a ß-hydroxy fatty acid [Bonmatin, 2003; Kowall, 1998; Haddad, 2008].
These isoforms usually coexist in the cell as a mixture of several peptidic variants with a
different aliphatic chain length [Hue, 2001].
Surfactin is synthesized by several strains of the genus Bacillus during the
stationary phase when nutrients in the culture media are limited. Five isoforms of surfactin
were found in anaerobic growth of B. subtilis in the laboratory [Zhang, 2007]. Previous
research revealed its ability to catalyze gas hydrate formation in the presence of porous
media [Rogers, 2007; Zhang, 2007].

2.6

Clay Minerals in GOM
Clay minerals are referred to as a group of hydrous aluminum phyllosilicates with

particle sizes less than 2 ȝm. These minerals are very common in fine-grained sedimentary
rocks and soils. The various amounts of water and exchangeable cations in the interlayers
of the silicate sheets are characteristic of clay minerals, which distinguish them from other
phyllosilicates.

12

The smectite group, including bentonite and nontronite, and the kaolinite group are
two clay mineral subgroups representative of 2:1 layer structures and 1:1 layer structures,
respectively. Figure 2.1 presents these two types of layered structures. A unit structure for a
2:1 smectite consists of two tetrahedral layers and an octahedral layer in between. The
outside of the tetrahedral layers are negatively charged, which are balanced by
substitutions of metal cations in the interlayer spaces. Kaolinite is 1:1 clay with
dioctahedral layers containing only aluminum.

Figure 2.1 Presentation of layer types of clay mineral: A. 1:1 layer structures; B. 2:1 layer
structures
Bentonite was reported to affect the kinetics of methane hydrate formation and to
decrease the required pressure of hydrate formation in a colloidal suspension of the clay in
a gas bubbling system [Riestenberg, 2003]. Other research also confirmed that the
13

bentonite suspensions promoted hydrate formation in the presence of hydrophilic polymers
[Cha, 1988].
Mineralogical studies showed that quartz, calcite, montmorillonite, illite, chlorite
and kaolinite are commonly present in the ocean sediments along the coastline of the Gulf
of Mexico [Murray, 1956; Grim, 1954]. Montmorillonite, illite and chlorite are identified
as the most common clay minerals in the sediment samples taken near the Rockport area
along the Texas coastline of the northern Gulf of Mexico [Grim, 1954]. Smectite, including
montmorillonite, is the dominant clay mineral over the others in the sediment cores from
the Mississippi River Delta as well as the Northern and Western Gulf of Mexico [Johns,
1958; Murray, 1956]. Kaolinite appears in the sediment to a lesser extent.
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CHAPTER III
THEORETICAL BACKGROUND

3.1

Hydrate Formation
Hydrate formation is an exothermic process where guest molecules occupy and

stabilize the hydrogen-bonded water cavities. The formation process can be divided into
three stages: hydrate nucleation, growth and agglomeration. The latter two stages are often
referred to as the hydrate formation stage because they are visible steps. The first stage has
implications for the hydrate initiation and the time it takes for structured hydrogen-bonded
water and hydrocarbon gas molecules to interact.

3.1.1

Hydrate Induction Time
Hydrate nucleation is a microscopic phenomenon when small metastable hydrate

clusters begin to form. During nucleation, gas molecules are first trapped in structured
water molecules to form a cell of soccer-shaped water molecules around the occluded gas
molecule. These basic units adsorb to each other until they reach a critical size where
hydrates become visible [Sloan, 2007].
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In a macroscopic view, the time of hydrate nucleation is characterized as an
induction time or lag time. The hydrate induction time may be defined graphically from
laboratory data of temperature-pressure-time plots. From these plots, induction time is the
time elapsed from the first entrance into the hydrate stable region until the sudden
appearance of a temperature rise and a pressure drop signifying hydrate formation. This
time period designates the process period during which the hydrate clusters could
theoretically start to form until consumption of hydrate former gases becomes distinctly
detectable. The induction time is shown in Figure 3.1 from point B to point C. The P-T
curve presents the theoretical point at which nucleation begins at point B. Note in Figure
3.1 that the temperature increases rapidly as hydrates visibly form at point C. Upon
imposed decomposition from D to A, the pressure in the test cell returns to its original point
to verify no gas leakage during the process.
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Figure 3.1 Schematic of temperature and pressure diagram for hydrate formation

The induction time includes mostly the time required for hydrate nucleation, but it
also includes the time for hydrate growth from microcrystals to visible hydrate clusters
detected from the P-T bulk behavior in the system. Since it is impractical to determine the
transition period of the latter, the term induction time is used instead of nucleation time in
our case.
Hydrate nucleation is a stochastic process. Therefore, data for the induction times
of hydrate formation are usually scattered. The data have been found to be less scattered
when surfactants are present in the system [Woods, 2004; Dearman, 2007].
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The induction time may be affected by the thermal history of the water, the rate of
mass and energy transfer, the surface properties and areas and the degree of agitation
[Sloan, 2007] in such a way as to cause an apparent memory effect upon reformation.

3.1.2

Hydrate Formation Rate
The rate of hydrate formation depends on the kinetics of hydrate initiation and

association, as well as mass and heat transfer rates. After nucleation, the hydrate clusters
adsorb to each other [Sloan, 2007].
Based on the pressure and temperature data collected in the free gas phase during
hydrate formation in a laboratory test cell, the moles of the hydrate former gas consumed
can be calculated using the Peng-Robinson (PR) equation of state. The formation rate (FR)
in mmol/h is thus determined by dividing the time between two data points into the
numbers of moles going into hydrate as determined by the P-R equation. The maximum
formation rate usually occurs within the time range of fast hydrate growth right after the
visible agglomeration begins (Figure 3.2). Average formation rates are also obtained from
the data within one hour or half hour after induction starts by taking the area under the
curve, as specified by the P-R equation, divided by accumulation time.
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Figure 3.2 Schematic of the calculated hydrate formation rate

3.1.3

Volume Correction in Peng-Robinson Equation
Natural gas hydrate density is usually around 0.9 g/mL, which is lower than water

density at the same temperature. Upon hydrate formation, the total volume would expand
from liquid to hydrate phase. Therefore, the volume correction may be applied to
calculations of hydrate formation rates and moles of gases.
In the sediment-hydrate system, a majority of natural gas hydrates formed in the
interstitial spaces of the sediments and occupied the void space in the porous media. The
amount of water in the sediments was estimated to be 10 mL and the total volume in the gas
phase was measured to be 465 mL. The hydrate formation would introduce an approximate
error of 0.2 % in total volume. Therefore, effect of hydrate expansion on total volume
could be ignored in this system.
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Based on Sloan’ program CSMHYD, the laboratory gas mixture (51.91 % CH4, 25 %
CO2, 10 % N2, 10.1 % H2, 2.99 % CO) forms type I hydrates. CH4, CO2 and N2 were
considered to be major hydrate formers. Since high pressure is required to form hydrogen
hydrates, they were not taken into consideration in the calculation of hydrate density in the
experimental system. The calculation of hydrate density and amount of gases were
presented in Appendix A and B, respectively. The volume correction was applied on the
system after hydrate formation to avoid the error.

3.2

Swelling and Non-swelling Clays
The smectite clays are 2:1 clays, including members of montmorillonite (bentonite),

nontronite and hectorite. The members in this smectite group are distinguished from each
other in chemical composition by substitutions of cations like Al3+, Fe3+, Mg2+ and Li1+ in
their tetrahedral or octahedral cation sites [Odom, 1984].
The most important characteristic property of the smectite group is that they are
swelling clays with large, chemically active surface areas. These clay minerals exhibit an
unusual ability of hydration on the surface and in the interlayer, resulting in an increase in
interlayer space. A probable structure of water-clay adsorption is shown in Figure 3.3
[Hendricks,1938]. Therefore, it is possible that the individual basic plates from the
interlayers of the clay particles act as hydrate nucleation sites [Dearman, 2007].
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Figure 3.3 Possible structure of water sorption on the surfaces of clay [Modified from
Hendricks, 1938]

Table 3.1 Structural properties of clay mineral groups [Lal, 2006]
Group
Kaolinite
Smectite

Layer type
1:1
2:1

Net negative charge
(cmol kg-1)
2-5
80-120

Surface area
(m2g-1)
10-30
600-800

Basal spacing
(nm)
0.7
1.0-2.0

Table 3.1 provides a general concept of net charges, surface areas and the
d-spacings (basal spacing) for clay minerals.

3.2.1

Bentonite/Montmorillonite
Bentonite is composed dominantly of smectite clay minerals, usually

montmorillonite. Montmorillonite is a 2:1 clay, consisting of two tetrahedral sheets and one
octahedral sheet in between. Sodium montmorillonite displays a much greater variation in
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the interlayer spacing than calcium and lithium montmorillonite upon water sorption
[Odom, 1984; Gieseking, 1939].

3.2.2

Nontronite
Nontronite is another common member in the smectite group which often is found

in ocean sediments [Cole, 1983]. Chemically and structurally similar to montmorillonite,
nontronite demonstrates a moderate swelling capacity with less water sorption in the
interlayers. Iron and aluminum are both present in the structures of montmorillonite and
nontronite, whereas the former is the structural atom and the latter is considered the
impurity in nontronite – the opposite case as in montmorillonite.

3.2.3

Kaolinite
Kaolin is a clay that contains 85%-95% kaolinite [Hendricks, 1938]. Kaolinite is a

hydrated aluminum silicate, known as a typical group of non-swelling clay minerals with
1:1 layer structure as shown in Figure 2.1 A. Unlike montmorillonite, the surface area of
kaolinite is limited. Small molecules such as quinoline, large biomolecules and even
bacteria can be adsorbed and easily removed from the surface of kaolinite, due to limited
surface of the clay particles [Environmental Health Criteria 231, 2005]. Biosurfactant like
surfactin was reported not to adsorb on the interlayers of kaolin [Zhang, 2008].
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Therefore, kaolin is presented here as a control mineral to judge the performance of
bentonite and nontronite, especially as determined by the interlayers.

3.3

Clay-Bioorganism-Biosurfactant Interactions
The seafloor in the Gulf of Mexico is a complex geological and biological system.

Sediments taken from different depths beneath the surface of the seafloor often exhibit
various physical and chemical properties, as well as compositions. Microbial activities
may vary with depth. Gases venting from below affect the amount of hydrate formation
and the amount of dissolved gas to be found around porous media within the sediments.
Bacteria activities are closely linked to the clay minerals present in the environment.
Bentonite is known to adsorb perpendicularly on the negatively and positively charged
surfaces of Bacillus subtilis cells, especially on the poles [Lahav, 1962a, b]. The bacteria
consume the cations, such as Si, Fe3+, Ca2+, from the adjacent clay and lead to a partial
depletion of clay particles [Berger, 2007]. Low-grade kaolin that contains Fe(III) can be
refined when Fe(III) impurities are removed by iron-reducing bacteria [Eun, 2002]. The
montmorillonite is also reported to catalyze the polymerization of the bacteria ribonucleic
acid (RNA) and convert the fatty acid micelles into vesicles [Hanczyc, 2003].
Nonionic surfactants, such as n-alkyl polyglycol ethers and polyethylene oxide
(PEO) surfactants, intercalate the interlayer of smectite in laboratory tests [Deng, 2003;
Platikanov, 1977]. Sodium dodecyl sulfate (SDS), an anionic synthetic surfactant, adsorbs
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on the cationic edges of smectite [Gunister, 2004]. The biosurfactant emulsan was also
reported to intercalate in the smectite [Dearman, 2007; Woods, 2004]. A mechanism was
proposed whereby the bacteria-clay-surfactant assembly functions as a whole to catalyze
the heterogeneous hydrate formation and stabilize the hydrate system [Radich, 2009].

3.4

Surfactin
Surfactin is an amphipathic cyclic lipopeptide with a molecular weight of 1036,

consisting of a hydrophilic head and a hydrophobic tail as indicated in Figure 3.4. Note that
the denoted numbers and the signs of negative charges in Figure A and Figure B
correspond to each other.
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Figure 3.4 Structure of surfactin: A. Molecular modeling structure [Modified from
Bouffioux, 2007]; B. Primary structure [Modified from Vass, 2001]

The hydrophobic part of surfactin is a hydrocarbon tail of ß-hydroxy fatty acid with
13 to 15 carbon atoms [Peypoux, 1999]. The hydrophilic part is a cyclic lactone ring
structure constituted of seven amino acids peptide interlinked with ß-hydroxy fatty acid via
a lactone bond [Seydlova, 2008]. Valine (Val) and Leucine (Leu) are non-polar amino acids.
The side chains of glutamate (Glu) and aspartate (Asp) are known to be acidic groups,
which are negatively charged at pH = 7, as shown in Figure 3.4.
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Three-dimensional structures showed that two polar side chains of Glu and Asp
orient opposite to the hydrophobic aliphatic chain, forming a “horse saddle” confirmation
in the heta-peptide ring [Bonmatin, 1994; Nicolas, 2003]. Biological research indicated
that Glu and Asp are more hydrophilic and their presence in a protein would significantly
increase its solubility [Trevino, 2007]. These acidic groups are strong acceptors of
hydrogen and ionic bonds as well. Surfactin molecules rarely interlink to each other
through hydrogen bonds, but they form hydrogen bonds with water molecules [Nicolas,
2003].
These characteristics of surfactin help explain its catalysis of gas hydrate formation
[Rogers, 2006; Zhang, 2007; Dearman, 2007]. It was proposed that the accumulated water
molecules around the hydrophilic head form hydrates with the gas molecules that were
brought together by the hydrophobic tail of the surfactin molecules.
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CHAPTER IV
EXPERIMENTAL METHODS

4.1

4.1.1

Hydrate Formation and Memory Effect

Experimental Preparation
Due to low porosity and poor permeability of seafloor sediment samples, hydrate

formation in the laboratory is usually limited to a surface layer when in direct contact with
gas. Experimental methods inherited from previous laboratory work in the MSU Hydrates
Laboratory were further developed and modified to overcome the gas access limitation.
Teflon provides a hydrophobic surface which is non-reactive with hydrates.
Therefore, a Teflon cup of about 4.7 cm diameter with twenty four evenly distributed 0.1
cm holes was prepared as the sample holder. The holes drilled on the side wall were 1.6 cm
apart horizontally and 1.3 cm apart vertically. A center tube with sixteen holes was secured
in the center of the Teflon cup with Teflon glue, providing an annular space for holding
samples (Figure 4.1). The 0.1 cm diameter holes in the tube were 0.6 cm apart horizontally
and vertically.
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Samples packed in the annulus were better exposed to the gas phase through these
gas access ports; therefore, gas had access to the annularly packed sample from inside as
well as outside.

Figure 4.1 Schematics of a Teflon cup: A. top view with inside diameter of Teflon cup and
outside diameter of center tube; B. side view with diameter of perforations

Ottawa sands of 20-30 mesh were mixed with sediment samples when required to
enhance porosity and permeability. Ottawa sand provided dramatically increased surface
area of the sediment samples, as well as increased porosity and permeability for gas
diffusion and hydrate expansion. The sands were cleaned with tap water six to seven times
followed by another six to seven times of wash with deionized water. After washing, the
sands were placed in an oven under moderate temperature until totally dried.
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4.1.2

General Procedure of Hydrate Formation with Seafloor Sediments
Experimental materials (Sediment from MC-118 with/without Ottawa sand added

and saturated with in-situ seawater) were packed in the annular space of the Teflon cup.
The sample cup was then put into the Parr test cell. The Parr test cell is equipped with a
resistance temperature device (RTD) for temperature monitoring. The RTD and a pressure
transducer extend through pipe threaded ports on the top of the test cell. A control valve
and a pressure release valve also connect to the top. Initially, the test cell was sealed with
sample, connected to the gas supply system, and put under vacuum (Figure 4.2).

Figure 4.2 Schematic for gas supply and release system: A. Parr test cell; B. Vacuum
pump; C. Nitrogen tank; D. Natural gas/laboratory gas mixture tank.

The test cell was sealed and put under vacuum for 10 seconds to remove air and
then pressurized to 500 psig with natural gas (90% methane, 6% ethane, 4% propane) at
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room temperature. The closed system was next submerged in a constant temperature
reservoir at 20°C.
After equilibrium was reached at 20°C, the temperature in the reservoir was
adjusted to 0.5°C for hydrate formation. At the time of setting the 0.5°C, pressure and
temperature data were collected immediately.

4.1.3

Hydrate Formation and Memory Effects
Ocean sediment samples used in testing memory effects were from the south west

box core (SWBC) taken from MC-118, Northern Gulf of Mexico, which were stained with
crude oil and had abundant in-situ seawater. The water in excess of saturation was removed
before hydrate formation.
The sediment sample without the addition of Ottawa sand was weighed, packed in
the Teflon cup and put into the test cell. As soon as the test cell was sealed, it was purged
five times with natural gas pressurized to 100 psig. Then it was pressurized to 550 psig
with natural gas at room temperature. The pressurized test cell was held in a constant
temperature bath at 20°C for 24 hours to purge excess water within the sample material.
The excess water that was squeezed out under high pressure was removed and weighed
after depressurizing the test cell.
Subsequently, the test cell was repressurized to above 450 psig with natural gas
following the same procedure described before. This was followed by putting the body of
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the test cell into a constant temperature bath at 20°C until equilibrium was reached. The
system pressure was readjusted to 450 psig as the starting pressure for each experiment at
20°C. The temperature of the bath was brought to 0.5°C as the hydrate formation
temperature.
After hydrate formation was completed at 0.5°C, the system temperature was
adjusted to 20°C and held for 8 hours to completely dissociate hydrates. After complete
dissociation, the temperature was increased to the desired temperature of the cycle and held
for 2 hours.
For the next cycle, the system temperature was brought down to 0.5°C without
unsealing the test cell. After hydrate reformed at 0.5°C, the same procedure described
above was followed to decompose the hydrates at the new temperature and to test the effect
of temperature on hydrate memory.
This hydrate formation-decomposition operating cycle was repeated at
successively higher temperatures until effects of all designated temperatures (45°C, 50°C,
55°C, 60°C or 65°C) were tested. Then the gas in the test cell was released while the test
cell was maintained at 0.5°C. Photos of hydrates that had formed around sediments were
taken after quickly opening the test cell. Hydrate melts inside the annular tube and outside
the Teflon cup were collected for further analysis.
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4.1.4

Bacteria Growth with Free Water from Sediment of SWBC
SWBC is located near seafloor natural gas vents at MC-118 where microbial

activities are abundant. Bacteria contained in the free water of the sediments from SWBC
were cultured for testing their activities under different temperature treatments.
Nutrient broth medium was used initially to enlarge the overall cell density. Base
mineral salt medium was then prepared in the following concentrations: 5.0 × 10-2 mol/L
NH4NO3, 3.0 × 10-2 mol/L KH2PO4, 4.0 × 10-2 mol/L Na2HPO4 and 8.0 × 10-4 mol/L
MgSO4. In parallel, 7.0 × 10-2 mol/L CaCl2, 1.0 × 10-2 mol/L MnSO4 and 4.0 × 10-2 mol/L
Na2 ethylenediaminetetraacetic acid (EDTA- Na2) were prepared and autoclaved
separately in three 30 mL vials. Glucose was dissolved in 100 mL deionized water in a 250
mL flask. After autoclaving, glucose solution was added into the medium base to make a 4%
glucose solution. Solution of 4.0 × 10-2 mol/L FeSO4 was made up after dissolving 0.1112g
of FeSO4 into 10 mL autoclaved deionized water. Added into the medium base as well were
100 ȝL of prepared CaCl2, MnSO4, EDTA-Na2 and FeSO4 solution.
Five milliliters of free water suspensions from SWBC1110-01 were collected and
injected in halves into two 70 mL vials with 25 mL of 8% nutrient broth medium in each.
The medium was placed on the open-air shaker at room temperature at 140 rpm for
approximately 48 hours. Then, the cultures in both vials were transferred to 200 mL of the
mineral medium.
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After incubation until the optical density of the culture reached the maximum level,
four 10 mL extracts of the culture were transferred into four autoclaved and predried vials.
The rest of the culture was preserved for further use in biosurfactant production. Each vial
was half submerged into a constant temperature reservoir at 20°C until the temperature
became constant. Then, the temperatures of the three reservoirs were increased to 55°C,
60°C and 65°C, respectively; while the remaining one was maintained at 20°C as a control.
The temperature treatment lasted for 6 hours, which was the same time period as treatments
with sediments in the test cell. The treated culture samples were stored at 4°C for no more
than one hour before their cell densities were estimated by the method of plate counting.
Agar plates were prepared for counting the living cells in the treated cultures. In
accordance with the Standard Method 9215 for heterotrophic plate count, the cell numbers
were counted on each spread plate and calculated for each culture sample.

4.1.5

Biosurfactants Production
Low surface tension of free water in the sediment sample from SWBC indicated the

existence of biosurfactants produced by the indigenous bacteria. To test whether the
temperature treatment had any effect on the properties of these biosurfactants,
biosurfactants were produced from the seafloor bacteria culture and treated with the same
temperature – time cycle as the seafloor sediment experiments.
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The seafloor bacteria culture was manipulated to produce biosurfactants. Fifty
milliliters of fresh mineral medium were added to the culture when its optical density
increased to the maximum point. Additional FeSO4 and MnSO4 solutions were transferred
to the culture to reach a final concentration of 4×10-4 mol/L for each. The bacteria were
cultivated at room temperature on the shaker until the measured surface tension of the
medium decreased from approximately 72 mN/m to below 60 mN/m.
The culture with biosurfactants was treated with the addition of 0.1M NaOH
solution to gradually increase the pH value until the surfactant floccules were dissolved.
Then most of the cells in the culture were centrifuged at 3000 rpm for 15 minutes and
removed. The supernatant liquid was filtered through a 0.45ȝm filter to finally remove all
the cells in the culture. Four 10mL samples of the biosurfactant solution were loaded into
four clean vials. The same procedure for temperature treatment on the fresh culture was
followed for treatments on the biosurfactant solution. The surface tensions of the
biosurfactant solution were measured and compared before and after the high temperature
treatment.

4.2

4.2.1

Gas Mixture Separation

General Procedure
Before experiments started, the interior of the test cell was thoroughly cleaned with

a dilute HCl water solution and dried with a Conair electric dryer to remove and prevent
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introduction of dusts and impurities. Commercial surfactant, either SDS or L-77, was
weighed and dissolved in ultrapure water without adjusting pH value to make a 1000 ppm
solution. The surface tension of the solution was measured. A designated amount of
surfactant solution was put into the test cell along with a magnetic stir bar if the system was
to be agitated, or a metal tube if there was to be no stirring.
The test cell was then sealed and put under a vacuum to nearly 30 mmHg for 15
seconds, followed by pressuring with laboratory gas mixture to 10 psi above the designated
pressure. After checking for leakage, the closed system was submerged in a constant
temperature reservoir at 20°C for at least 4 hours to reach thermal equilibrium throughout
the mass. Then a small amount of gas sample was taken from the equilibrium system for
composition analysis by gas chromatography.
After the system was kept at 20°C for 0.5 hour to equilibrate again, the system
temperature was decreased to the designated temperature for hydrate formation, and
immediately the Omega data acquisition system was activated to collect pressure,
temperature and time data.
In the agitated system, the magnetic stir bar was adjusted to 65 rpm at the beginning
and was readjusted to 75 rpm during hydrate formation. After hydrate formed for 2 to 3
hours, the magnetic stir bar was stopped to prevent overheating.
Both agitated and quiescent systems were treated under temperature cycles of
0.5°C to -7.5°C to 4°C for several times. That is, the system was set at 0.5°C for hydrate
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formation, and then maintained at -7.5°C for at least 3 hours to freeze all the free water in
the system. The temperature of the system was raised to 4°C for at least 6 hours to melt the
ice created at low temperature. Each cycle of temperature setting was allowed to persist
until the final gas-phase pressure after hydrate formation reached a steady value compared
to the pressure in the previous cycle. This indicated a complete transformation of water into
hydrate phase. Finally, a gas sample was taken from the headspace for gas chromatograph
analysis.
In order to determine composition of gas occluded in hydrate, the system was
cooled to -20°C after completion of hydrate formation cycles, and the system pressure was
quickly released to atmospheric pressure. Then the system was evacuated for 10 seconds,
after which the test cell was closed immediately. The temperature of the closed, evacuated
system was adjusted to 20°C. After all hydrates had dissociated, another sample in the gas
phase was taken and analyzed.

4.2.2

Memory Effect of Hydrate Formation with Laboratory Gas Mixture
Memory effects of laboratory gas mixture hydrate formation were examined

following a similar procedure as in testing the memory effects of sediment samples. See
Section 4.1.3. The surfactant solution was prepared and poured into the test cell that
contained a metal tube, either copper or stainless steel. The system was pressurized with
laboratory gas mixture to above 510 psig at room temperature. This pressure was
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maintained with the test cell in a constant temperature reservoir at 20°C overnight until
equilibrium was reached. A small amount of gas sample was taken from the headspace to
analysis its initial gas composition.
After sampling, the system was left at 20°C for another 0.5 hour, and then the
system temperature was brought down to 0.5°C for 8 hours to form hydrates. For hydrate
dissociation, the system was set at 20°C for 8 hours. This hydrate formation – dissociation
cycle was repeated three times. Finally, a gas sample from the headspace was taken after
hydrate formation in the fourth cycle.

4.2.3

Gas Sample Analysis
The gas mixture used in the experiments was purchased from NexAir. It was

composed of 10.1% H2, 10.1% N2, 2.99%CO, 25.0% CO2 and 51.91% CH4 based on a
molar percentage.
A Carboxen-1010 PLOT column was applied in the HP 6890 Series Gas
Chromatography system to achieve a fine separation of each component. This molecular
sieve column is a porous-layer, open tubular (PLOT) column with the ability to separate O2
from N2 as well.
An analysis method with various suitable parameters in the GC system was
selected to obtain a better separation within a relatively short range of operation time. A
calibration for the method was conducted by triple injections and measurements of 50 ȝL,
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25 ȝL and 10 ȝL of 99% CO2, 99% CH4, Scotty Analyzed Air (6.0% O2, 92.0% N2) and
Scotty Analyzed Gases (5.01% CO2, 4.99% CO, 3.99% H2, 4.01% CH4, 4.95% N2, 5.00%
O2, balance of He). A series of calibration curves was prepared so that the gas compositions
would be reported automatically after the integration area was selected for each component
manually.
To determine the compositions of experimental gas samples, 25 ȝL of each gas
sample was injected each time into the GC system. In order to eliminate any error
introduced by air entering during injection or possible leakage in the gas sample bag, a
correction factor was applied to the amount of measured nitrogen based on the amount of
oxygen appearing in the GC results and a corresponding ratio of N2 to O2 in air. The
compositions of other components were adjusted accordingly after the nitrogen correction.

4.3

4.3.1

Hydrate Formation with Clay Minerals

XRD Sample Preparation (General Procedure)
Before preparing individual samples, each type of clay (bentonite, nontronite,

kaolin) was ground thoroughly in a CoorsTek ceramic mortar to obtain nearly even particle
sizes. These clays were then scaled and kept in glass bottles for further use.
For an individual sample prepared for hydrate formation without biosurfactant, 4 g
of clay was first mixed with 60 ml of deionized water in a glass beaker. First, a uniform
mixture was obtained by 1 hour of magnetic stirring at above 600 rpm. Second, 30 ml of
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the above mixture was put into a test cell with magnetic bar; the rest of the mixture was
centrifuged and dried as control sample. Third, the test cell was put under a vacuum and
then pressurized to approximately 600 psig with natural gas. After reaching vapor-liquid
equilibrium at 20°C in the cooling bath, the clay mixture was stirred at 650 rpm and the
temperature of the cooling system was set at 0.5°C overnight for hydrate formation.
After hydrate formed at 0.5°C, the system temperature was then readjusted to
-7.5°C for at least 4 hr to ensure all the water had turned into ice. The temperature was then
kept at 4°C overnight to melt the ice. After that, the temperature was decreased again to
0.5°C to form gas hydrate. To ensure that all the water formed hydrate, the above steps
were repeated until the final pressure at 0.5°C corresponded to that in the previous cycle.
Finally, the test cell was kept in the cooling bath at -20°C. The natural gas in the gas
phase was quickly released from the test cell. The gas hydrate was taken out and
decomposed at room temperature. Then, the clay particles were centrifuged at 6000 rpm
for 30 min and dried in a freeze dryer. Before doing the powder XRD analysis, the clay
samples were ground thoroughly in an alumina mortar.
For an individual sample prepared for hydrate formation with biosurfactant, 1.6 g
biosurfactant was first dissolved in 60 ml of deionized water with magnetic stirring for at
least 45 min. Then, 2 g of clay was added to the mixture and stirred for 1 hr. The following
steps were the same as described above.
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The remaining 30 ml of the biosurfactant-clay mixture was spun down. The deposit
was dried and preserved as control sample. The supernatant liquid was diluted by factors of
2 times, 5 times and 10 times. The surface tensions of the original and diluted supernatant
liquids were measured. The amount of biosurfactant was selected so that the surface
tension of these diluted solutions had the same value, i.e. the concentration of the surfactant
solution was far above critical micelles concentration (CMC), which indicated the amount
of biosurfactant was sufficient for associating all the clay particles.

4.3.2

Effect of Freezing
X-ray diffraction measurements have been reported that show the distance between

the elementary layers of montmorillonite change as a result of freeze-drying (Norrish,
1962). To eliminate this effect in the drying procedure and to focus on the effect of hydrate
formation determining the distance between the elementary layers of the clays, effects of
freezing and thawing on the clay minerals were studied.
Two grams of clay minerals were mixed with 60 ml of deionized water. To ensure
that all the particles were saturated with water, the mixture was stirred overnight at above
600 rpm. The mixture was then separated into two equal portions; these were centrifuged to
remove excess water. One group of clay deposit was frozen in the refrigerator at -20°C.
The other group was placed at room temperature until it dried with the vacuum pump
running. Both groups of clay minerals were then dried in a freeze-dryer.
40

4.3.3

XRD Method
In the X-ray diffraction analysis, higher accuracy can be reached as the scan speed

decreases, which means the longer the sample is scanned, the higher intensity can be
accumulated. The scan speed of 0.50 degree/min was previously used for kaolin and
nontronite samples. This speed was accurate enough for obtaining characteristic peaks to
calculate d-spacing for those two types of clay minerals.

4.4

4.4.1

Hydrate Formation with Clay Minerals

Surfactin Production
Surfactin was produced by Bacillus subtilis that were cultured from an original

sample from Bacillus subtilis ATCC 21332. The production of surfactin was enhanced by
addition of metal cations and continuous product removal.
Bacillus Subtilis was initially grown in a nutrient broth medium aerobically at 30°C
for 24 hours. Then it was transferred to a 1500 mL mineral salt medium and was placed on
the shaker at 140 rpm at room temperature. The mineral salt medium used in this
experiment for enhancing surfactin production was 5.0 × 10-2 mol/L NH4NO3, 3.0 × 10-2
mol/L KH2PO4, 4.0 × 10-2 mol/L Na2HPO4, 8.0 × 10-4 mol/L MgSO4, 7.0 × 10-6 mol/L
CaCl2, 4.0 × 10-6 mol/L EDTA- Na2, 4.0 × 10-4 mol/L MnSO4 and 4.0 × 10-4 mol/L FeSO4.
Initial concentrations of iron and manganese salts were much higher in this experiment
compared to normal mineral medium of 4.0 × 10-6 mol/L for each. The suggested
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concentrations to enhance surfactin production ranged up to 1.4 × 10-2 mol/L [Cooper,
1981].
In the subsequent step, B. subtilis was cultured in the mineral salt medium for 36 to
48 hours after the culture approximately reached its maximum cell density. Figure 4.3 is a
schematic of continuous surfactin removal from the batches. A stream of controlled air
flow was injected into the bottom of the medium through a 1 ȝm vacuum line protector. Air
bubbles were produced by passing through a porous ceramic colander near the bottom of
the flask. Surfactin was extracted from the air bubbles as foam was created as the air
flowed through the medium; surfactin was concentrated in the surrounding films. As the
bubbles reached near the top of the flask, they were conducted to a secondary flask through
plastic tubing. The second flask with 800 mL solution of 10-2 mol/L hydrochloride acid was
partially submerged in an ice-water batch. The majority of produced surfactin was
precipitated in the low-temperature acid solution of a pH value of 2. The surfactin – HCl
water solution was periodically replaced by another batch of 800 mL fresh HCl solution
after bubbling for every 24 hours or until surfactin bubbles could no longer be absorbed
into the acid solution. The primary surfactin – HCl solutions were stored at 4°C before
purification.
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Figure 4.3 Schematics of the continuous product removal batches: A. control valve for air
flow; B. 0.22 ȝm air filter; C. 2000 mL flask; D. colander; E. Nova shaker; F.
1000 mL flask; G. coolant with ice-water.

A solution of 0.1 mol NaOH /L was gradually added to the first surfactin – HCl
solution until the pH value increased to around 10 while it was agitated by magnetic
stirring bar. After visible precipitates were mostly dissolved under agitation, the impurities,
primarily cell mass, were removed by centrifuging at 6000 rpm for 30 minutes. The
supernatant liquids were treated with 0.1 mol HCl /L solution until the pH value of the
solution was adjusted to 2.0. After storing at 4°C overnight, the second surfactin – HCl
solution containing surfactin precipitates was centrifuged at 6000 rpm for 30 minutes. The
supernatant fluids were removed and the surfactin deposits were placed in a vacuum
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desiccator at room temperature for several days until all the free water was evaporated.
Then the half-dried surfactin was completely dried in a freeze-dryer overnight.
If the surfactin deposits showed a color darker than white or gray before drying,
they were dissolved in NaOH solution at pH = 10 and centrifuged to remove the impurities
for a second time. Then the surfactin in the supernatant liquids was spun down after being
treated with HCl solution at pH = 2.
After freeze-drying, the surfactin turned into powder. The surfactin powder was
dissolved in pure dichloromethane in 50 mL plastic vials. After thoroughly shaking the
vials, the impurities in the surfactin – CH2Cl2 solutions were filtered through a double layer
of Whatman filter paper. The filtered surfactin – CH2Cl2 solution was evaporated at room
temperature in the open air inside the venting hood until the yellow crystals of surfactin
formed completely.
The surfactin crystals were ground homogenously into powder and dried further
with the freeze-dryer. The surfactin powders were then stored in a vacuum desiccator at
room temperature.
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CHAPTER V
RESULTS AND DISCUSSION

5.1

Gas Hydrate Formation in the Mississippi Canyon 118 (MC 118) Sediments
The core samples being studied were collected primarily from the top and the next

layers below the seafloor on several sites within MC-118, where various microbial
activities and gas venting take place and hydrates abound. Original samples taken from the
seafloor were transferred under ice from the ship and then were preserved at 4 °C in the
MSU laboratory refrigerator until used. A series of hydrate formation experiments were
conducted to explore the mechanism behind the phenomena of microbial influence on gas
hydrate formation.

5.1.1

Effect of Porosity on Hydrate Formation
Sediments taken from MC-118 displayed different moisture contents, compositions,

textures, and mineral contents. Several days might be required for hydrate formation to be
observed within untreated sediment samples. This may be due partly to low porosity and
low permeability of the fine-grained sediments for gas to reach the inside and contact
particles throughout the sample.
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To increase experimental time efficiency, Ottawa sand was mixed well with
sediment samples in the laboratory hydrate formation experiments. This effectively
increased the porosity/permeability of sediment samples and dramatically enlarged the
surface area of minerals within the sediments to form hydrates. As a result, the induction
time of hydrate formation significantly decreased with increasing porosity, while
maximum hydrate formation rate increased. That is, hydrate initiation and formation rates
improved with higher porosity.
In this series of experiments, original samples from sediment BC1 were weighed
and mixed with Ottawa sand of 75 wt%, 80 wt% and 90 wt% content. The average
induction time for 75 wt% runs was 0.43 hours with a standard deviation of 0.05 hours. The
induction time for an 80 wt% run was 0.39 hours. The average induction time for 90 wt%
runs was 0.30 hours with a standard deviation of 0.06 hours. These results show a linear
trend of decreasing induction time as sand contents and porosity increase (Figure 5.1).
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Figure 5.1 Effect of sand content on maximum formation rate (Max FR) and induction
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The average maximum formation rate of gas hydrates in the sediments for 75 wt%
runs was 52.5 mmol/h with a standard deviation of 8.6 mmol/h. The maximum formation
rate for an 80 wt% run was 85.9 mmol/h. The average maximum formation rate for 90 wt%
runs was 149.3 mmol/h with a standard deviation of 65.7 mmol/h. The maximum
formation rates of these sediment samples mixed with Ottawa sand increased rapidly and
were approximately linearly as the sand content and attendant porosity increased.
Both the induction times and the maximum formation rates in these experiments
indicate that increasing sand content dramatically promotes sediment hydrate formation as
a consequence of increased porosity/permeability. These results suggest that more surface
area of the sediment particles are exposed to natural gas molecules with larger sand content.
Permeability increases in the sediments to improve the rate of gas contact with mineral
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surfaces, thus increasing hydrate formation. Porosity increases provide more space into
which hydrates can expand.
With a sand content of 75%, an induction time within half an hour and a hydrate
formation rate around 50 mmol/h are obtained. With a larger sand content, i.e. 90%, the
large standard deviation of maximum formation rates suggests the system may be more
sensitive to pressure, temperature and initial condition. Therefore, a sand content of 75 wt%
instead of 90 wt% was chosen in the following experiments.

5.1.2

Hydrate Memory Effects in Sand with BC3 Sediments
An unusual hydrate memory effect in MC-118 sediments was previously reported

by the MSU hydrate research group [Dearman, 2007]. The gas hydrate memory effect is a
phenomenon characterized by reduced induction times during successive hydrate
reformations; structuring of water may persist after hydrate dissociation. In addition to
being of scientific interest, the phenomenon was studied with an interest to reduce the
experimental down-time and to also allow reuse of the limited sediment samples. More
importantly, hydrate memory effects provide insight into the mechanism of seafloor
hydrate formation, especially when the phenomenon occurs differently in sediment than in
packed porous media or strictly water-gas phase.
The hydrate memory experiments were performed on sediment samples BC3 from
MC-118. Twenty grams of fresh sediment taken from a longitudinal section of sample BC3
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with its in-situ water were well dispersed within 60 g of Ottawa sand. Three successive
repeat cycles of hydrate formation - dissociation under the same initial conditions were
performed in a sealed test cell. The same gas was used throughout the cycles without
depressurizing. The initial temperature of all three cycles was 20°C. Hydrates were formed
at 0.5°C over 8 hours and then dissociated completely at 20°C overnight. Hydrates were
then reformed at 0.5°C to evaluate any memory effect of the system. Maximum formation
rates and induction times for repeat cycles are compared in Figure 5.2.

Figure 5.2 Memory effects on hydrate induction time and maximum formation rate
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Induction time was significantly reduced after hydrate formed initially – reduced
by approximately 80%, from 5.1 hours to less than 1 hour. The induction times for the
second and third cycles were 0.98 hours and 0.63 hours. This is strong evidence that
hydrate memory effects persisted within this sediment sample while the hydrates were held
at 20°C for over 12 hours after dissociation. It is possible that the structured water
molecules arranged by hydrate formation maintained at least partially their hydrate-like
orientation and hydrogen bonding in the fast temperature rise of the dissociation period and
even at 20°C after dissociation.
The reduced induction time indicates that the energy barrier for hydrate formation
may be easier to overcome since larger amounts of water molecules are in conformations
favorable to hydrate formation after the first hydrate formation/dissociation cycle.
The maximum formation rates of these successive cycles decreased while their
induction times decreased. The shorter induction times are understandable because
structured water exists and does not depend as strongly on a stochastic process. This
surprising result with formation rate seems contradictory to what would be expected and
suggests perhaps the adsorption of a component in the sediments to the crystal faces to
slow agglomeration.
The maximum formation rates of second and third cycles are 17.4 mmol/h and 23.2
mmol/h, respectively, and compare to 43.6 mmol/h initially. These two maximum
formation rates are close to each other but when compared to the maximum formation rate
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in the first cycle, are only about one-half as high. This irregular behavior may be due to
residual gas molecules dissolved in the liquid phase after initial hydrate dissociation. As
less gas molecules from the gas phase were involved in the hydrate formation process in
subsequent cycles, the pressure drop measured from the bulk gas phase was reduced. As a
result, the formation rate calculated from the mole difference in gas phase became less.

5.1.3

Hydrate Memory Effects in Sand of BC3
Experiments on hydrate memory effects were next conducted on sediments from

top layer and bottom layer of BC3 sediment sample. Figure 5.3 shows that hydrate
formation of both samples demonstrate the existence of memory effects. Their induction
times and maximum formation rates also follow the same trend in Figure 5.2. The
maximum formation rates for sediment from the top layer were 29.0 mmol/h initially and
decreased to 17.4 mmol/h in the second cycle. The maximum formation rates for the
bottom sample were 52.6 mmol/h and 40.5 mmol/h for the first and the second cycle,
respectively. The induction times for the top sample were 1.35 hours in the first cycle and
reduced to 0.55 hours in the second cycle. The induction times for the bottom sample were
1.18 hours and 0.38 hours for the first and second cycles, respectively. The comparison of
differences in hydrate formation ability of samples from different layers of sediments will
be discussed in section 5.1.4.
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Figure 5.3 Hydrate memory effects of top and bottom layers in BC3

5.1.4

Hydrate Formation of Sediments from Various Depths
Fresh samples directly taken from three different depths of site BC 1c core were

studied to investigate the diversity and possible effects on propensity of hydrate formation.
Due to limited amounts of sediment, only one run was conducted on the sample from BC
1c_L 4~6. However, samples from BC 1c_top and BC 1c_next were studied by triple
parallel experimental runs.
The experimental results shown in Figure 5.4 indicate that the maximum hydrate
formation rates decreased as the samples were taken from deeper sites. Meanwhile, the
induction times were found to increase as the depth of samples increased (Figure 5.4).
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Figure 5.4 Average hydrate induction time and maximum formation rate (BC 1c series)

Several factors may account for the phenomena demonstrated in Figure 5.4. The
seafloor of the Gulf of Mexico around the hydrate accumulations and gas vents of MC-118
are known to maintain a variety of microbial communities, including numerous types of
biosurfactant-producing bacteria. Possible factors on difference in hydrate formation as
shown in Figure 5.4 could be the concentration of biosurfactants, residual natural gas
content in the sediment, and mineral compositions in the porous media as well. However,
lacking sufficient core samples to investigate each possibility, we cannot conclude that the
results are due to the dispersions in different geological layers.
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5.2

Memory Effect of Original Sediment from SWBC 1110-01
SWBC is located near a gas vent at MC-118, where both marine microorganisms

and natural gas hydrates thrive. Sediments taken from SWBC during November of 2007
were fine grained sediments saturated with in-situ seawater and crude oil. Experimental
samples with in-situ seawater were directly taken from the SWBC 1110-01 core. Memory
effects of these original sediment/in-situ water samples were studied.
Surface tensions of free in-situ seawater in the sediment samples before hydrate
formation were 55.2 mN/m and 53.1 mN/m, respectively, indicating that biosurfactants had
been excreted from indigenous seafloor microbes. After hydrate dissociation with a series
of temperature treatments in a series of hydrate formation/dissociation cycles, the surface
tension (ST) of free water in each sample increased to 71.0 mN/m and 68.1 mN/m,
respectively. The results in Table 5.1 show that diminished amounts of biosurfactants
remained in the hydrate water after dissociation. There is little likelihood that
biosurfactants were deactivated during the higher temperature treatments.

Table 5.1 Sediment samples information
Batch #

msample
(g)

¨mwater1 (g)

¨mwater2
(g)

mnet
(g)

Initial ST
(mN/m)

Final ST
(mN/m)

Final pH

1
2

60.0514
60.0121

0.8784
0.4033

9.3686
10.1203

49.8044
49.4885

55.2
53.1

71.0
68.1

7
7

¨mwater1: Water squeezed out from sediment sample under 550 psig after 20 hours.
¨mwater2: Water squeezed out from sediment sample by hydrate dissociation.
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Table 5.2 Induction times of hydrate formation and formation rates for batch #1
Tset Cycle Induction Max. FR Avg. FR1 Avg. FR2 TInitial
(°C)
#
time (h) (mmol/h) (mmol/h) (mmol/h) (°C)
20
20
20
20
40
40
40
40
60
60
60
60

1
2
3
4
1
2
3
4
1
2
3
4

1.10
0.63
0.63
0.60
0.63
0.60
0.57
0.57
18.77
12.90
20.87
40.97

59.16
43.25
63.46
87.06
71.53
97.26
99.35
87.00
95.68
81.44
76.43
70.79

19.99
25.70
40.67
47.38
44.84
41.74
42.08
45.41
51.69
51.87
39.33
41.84

25.19
24.13
41.25
50.38
48.55
43.89
44.25
48.88
51.40
52.28
33.85
33.89

20.65
20.68
20.64
20.64
20.61
20.61
20.59
20.59
20.59
20.62
20.61
20.64

PInitial
(psig)

PFinal
(psig)

Total
¨P

450.30
449.47
449.06
448.63
448.37
448.53
448.36
448.55
448.45
448.36
448.15
448.37

386.96
372.30
367.11
363.32
361.79
362.74
361.11
361.46
359.16
355.89
358.95
353.67

63.34
77.17
81.95
85.31
86.59
85.8
87.25
87.09
89.29
92.46
89.19
94.70

Avg. FR1: Average formation rate over 30 minutes after induction begins.
Avg. FR2: Average formation rate over 1 hour after induction begins.

Table 5.3 Induction times of hydrate formation and formation rates for batch #2
Tset Cycle Induction Max. FR Avg. FR1 Avg. FR2 TInitial
(°C)
#
time (h) (mmol/h) (mmol/h) (mmol/h) (°C)
20
20
20
20
40
40
40
40
45
50
55
60
65

1
2
3
4
1
2
3
4
1
2
3
4
5

0.57
0.53
0.53
0.53
0.60
0.90
0.57
0.63
0.57
0.57
1.90
7.27
25.40

20.01
30.05
36.09
36.26
38.22
76.74
63.95
39.88
44.06
60.47
69.26
62.57
70.58

13.45
18.05
21.74
24.35
24.47
27.48
25.84
26.77
31.14
32.21
7.58
34.38
43.83

11.05
17.95
19.98
23.58
21.60
19.90
23.16
22.92
26.08
26.63
19.90
31.75
35.06

20.96
21.05
21.05
21.05
20.93
20.93
20.90
20.88
20.91
20.93
20.99
20.88
20.79

PInitial
(psig)

PFinal
(psig)

Total
¨P

450.10
449.66
449.40
449.24
450.13
449.88
449.18
449.40
449.40
448.29
449.02
449.09
449.09

386.71
378.78
375.07
372.76
373.90
364.13
372.18
372.72
373.14
373.39
375.58
358.99
361.78

63.39
70.87
74.33
76.49
76.24
85.75
77.00
76.68
76.27
74.90
73.44
90.10
87.31

Avg. FR1: Average formation rate over 30 minutes after induction begins.
Avg. FR2: Average formation rate over 1 hour after induction begins.
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In each sample batch, the system was maintained at 0.5°C to form hydrates during
each cycle. The systems were then treated at Tset for 6 hours after hydrate dissociation at
20°C for 8 hours. The systems were set at 20°C for 4 hours until they reached equilibrium.
On each subsequent cycle, hydrates were formed again at 0.5°C. The sediment samples and
gases were maintained in the closed systems during the entire set of temperature treatment
cycles. The experiments were conducted with duplicate runs.
Table 5.2 and 5.3 list the thermal conditions in each cycle in the two sample batches
that were run in parallel, as well as calculated induction times and formation rates. Both
runs exhibit short induction times after 20°C and 40°C treatments, indicating these seafloor
geological and biological system samples promote natural gas hydrate formation. The
results suggest that hydrate formation would initiate relatively quickly in these on the
seafloor at the location of these sediments. In other words, natural gas venting through the
sediments would form hydrates even at a low residence time.

5.2.1

Memory Effect on Hydrate Induction Time at 20°C
The experimental results showed a regular trend that the induction times for

hydrate formation as treated at 20°C decreased slightly during the cycling (Figure 5.5). The
relatively larger decrease in the induction times in batch #1 from 1.10 hours to 0.63 hours
from the first cycle to the second cycle indicate that the hydrates formed with the seafloor
sediment exhibited a memory effect in which the induction time decreased by about 50%.
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The slight decrease of the induction times from the second cycle to the following
successive cycles suggest that a permanent memory effect developed after the first hydrate
formation. That is, once hydrates were formed around these sediment samples on the
seafloor, the history of their in-situ water molecules would be maintained among the
sediments even if the sediments were to be taken from the seafloor and treated at relative
high temperatures compared to temperatures down on the seafloor. The decrease in
induction times suggests that the degree of occupation of structured water increased in each
cycle because of the memory effect until a final equilibrium was reached.
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Figure 5.5 Inductions times for hydrate formation after treated at 20°C
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Previous research in the MSU Hydrate Research Laboratory showed that for a
system of sand and in-vitro seawater, the memory effect would be partially removed when
treated at 20°C for 11.5 hours [Dearman, 2007]. However, it is not the case when the ocean
sediments with indigenous in-situ seawater were treated at 20°C for 16 hours in our
experiments. The results suggest that the complex ocean sediment system somehow
stabilize the hydrates and the hydrate melts. One possible mechanism is that the large
surface area and numerous active sites of clay minerals, bioproducts, and microbes
accumulate the water molecules around themselves through hydrogen-bonding, which help
stabilize the water molecules and maintain their organized structures.

5.2.2

Memory Effect on Hydrate Induction Time at 40°C
Figure 5.6 showed the induction times for hydrate formation after treatments

conducted at 40°C. There were no significant changes from batch #1. The memory effect
persisted through 40°C for all cycles. The induction time of the second cycle in batch #2
was significantly higher than those of the other three cycles. Therefore, we consider this
point to be an outlier.
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Figure 5.6 Inductions times for hydrate formation after treated at 40°C

5.2.3

Memory Effect on Hydrate Induction Time at Higher Temperatures
The experimental results in Table 5.2 and Table 5.3 showed dramatic increases in

induction times at temperatures higher than 50°C. The memory effect removal began
between 50°C and 55°C.
Induction times at 60°C as shown in Figure 5.7 indicated that the memory effect has
been completely removed after treatment at 60°C for 4 hours. The induction times showed
a return to stochastic characteristics once no memory effect existed in the system.
Furthermore, the significant increases in induction times in the successive treatments
indicated that intrinsic alterations may happen to the system.
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Figure 5.7 Inductions times for hydrate formation after treated at 60°C in batch #1

The investigation in batch #2 with gradually increased temperature treatments
showed that the memory effect on shortening the induction time for hydrate formation
started to be eliminated in the temperature range from 50°C to 55°C. The exponential trend
of increases in the induction times suggested accumulated or gradually intensified changes
inside the sediments (Figure 5.8).
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Figure 5.8 Average induction times at each temperature treatment in batch #2

There are several factors inside the sediment system that may inhibit the hydrate
formation. First, the organic compounds, especially bioproducts that include biosurfactants,
may change their conformations to alter the activation sites or their association with the
sediment/microbes, which may retard the hydrate nucleation.
Second, the resident microorganisms in the low-temperature environment of the
seafloor may not tolerate temperatures as high as 50-65°C, resulting in the disruptions of
cells. Consequently, the stable entity of water-biosurfactant-mineral associations would be
disrupted with the microbes’ collapse. The cell-wall polymers, such as peptidoglycon
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(PGN) and teichoi acid (TA), have been found to be inhibitors for hydrate formation
[Radich, 2009]. Therefore, the fragments from disrupted cells are believed to have
inhibited the hydrate formation when microbial cells were fragmented at the high
temperature.

5.2.4

Alternative Mechanism for Memory Effect of Hydrate Formation
From Tables 5.2 and 5.3, the results show slight but rather regular pressure drops at

the initial states of the first four successive cycles (treated at 20°C). Based on subsequent
pressure-temperature data, the pressure drop was not due to the gas leak from the test cell.
Although the diffusion rate for gases would be limited in the sediments with low
permeability and porosity, the recovery time that was allowed at temperatures equal or
higher than 20°C should have been long enough to reach the normal equilibrium. Therefore,
it is proposed that natural gases were trapped in the sediments, either dissolved in the liquid
phase with a higher concentration than normal or adsorbed on the surfaces of clay minerals,
biosurfactants and/or bacteria. This residual gas also contributed to the memory effect.
Furthermore, the pressure drops indicated an accumulation of gases in the sediment
system after treatment at 20°C; however, the pressure stopped decreasing after treatments
at higher temperatures and was not restored to the original pressure in the first cycle as
shown in Tables 5.2 and 5.3. These results suggest that the residual gases in the sediment
system were not removed by the higher temperature treatments.
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5.2.5

The Impact of Heating on Bacteria Culture
Although direct separations of inhibitors generated from the overheating could be

difficult, the live cell densities in bacteria culture after treatments at high temperatures
provided a direct viewpoint for the corresponding relationship between the hydrate
inhibition and cell death.
Table 5.4 shows the average cell numbers by plate counts in 10 mL treated cultures.
Figure 5.9 shows an exponential trend that decreased by several orders of magnitude in live
cell numbers. The results implied that most of the microbes in the sediment system lost
their function of reproduction after treated at high temperatures. However, the cells were
only partially disrupted at each treatment. At successively raised temperature treatments in
the sediment system, the cells gradually lysed and the cell-wall fragments were
accumulated, resulting in the extended induction time. The results verified the hypothesis
that hydrate inhibition was due to the components from cell disruption.

63

Table 5.4 Live cell densities after treatment at each temperature
Tset

(°C) Plate #
20

Dilution
x10
-

A
B
C
Avg.
A
B
C
Avg.
A
B
C
Avg.
A
B
C
Avg.

55

60

65

7000

3

265
255
237
252
246
222
218
229
145
140
185
157

x104
-

x105
34
75
74
61
-

-

-

-

-

6100

Cell n u m b ers x10^ 3,
p er 1 m l o f cu ltu re

6000
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4000
3000
2000
1000

252
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65

0
20

Temperature, degC

Figure 5.9 Cell densities of bacteria culture in each treatment

Figure 5.10 is a photograph of the hydrates and sediment taken from batch #2 at the
end of the experiments after the last cycle of treatment at 65°C. The hydrates that
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eventually did form agglomerated around sediments, which provided evidence that the
inhibitors are not anti-agglomerants.

Figure 5.10 Photograph of hydrates on the sediments after testing for memory effects

5.3

Effect of Hydrate Formation on Clay Minerals
Several types of clay minerals have demonstrated an ability to promote hydrate

formation in their suspensions [Riestenberg, 2003; Cha, 1988]. To study the mechanism of
hydrate formation, especially the role clays play in the permanent memory effect in
sediments, experiments were conducted with bentonite and nontronite from the smectite
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clay group in the presence of a biosurfactant, such as surfactin. Kaolin from the kaolinite
group was also evaluated in the presence of the biosurfactant.
To further investigate the conformation changes of minerals, XRD data and SEM
images were collected to provide more information on their structural changes from
hydrate formation and clay intercalation. D-spacings of clay minerals were calculated from
XRD data to demonstrate the spacing between interlayer and within mineral lattices to
provide information of crystal structural changes. SEM images of up to ×60,000
magnifications were obtained to directly provide images of the mineral surfaces.

5.3.1

Data Collection Systems
When the mineral samples were swelling clays, samples were expected to gain

moisture during exposure to the open air. To minimize the moisture influence and to obtain
better resolutions, the same sample was analyzed on two XRD devices, Ultima III and
Rigaku SmartLab.
Figure 5.11 shows the XRD pattern obtained from Ultima III for an original
bentonite sample. The signal collection started at 2ș degree of 3 deg and ended at 46 deg.
Scan speed was set to be 1 deg/min. Information of d-spacing was calculated from original
data and labeled on the graph with units of nm.
Figure 5.12 shows the XRD pattern collected on Rigaku SmartLab, using an
original bentonite sample. The signal was collected from 0 deg up to 50 deg of 2ș with a
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scan speed of 1 deg/min. d-spacings were calculated with the same parameters and
software as were used with Ultima III.

Figure 5.11 XRD pattern from Ultima III for bentonite
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Figure 5.12 XRD pattern from SmartLab for bentonite

d-spacings calculated from Ultima III were compared with those from SmartLab
and indicated that the rate of regaining moisture in the operating chamber is higher in
Ultima III than in SmartLab within a short time range. For instance, d-spacing from Ultima
III was 0.4494 nm at approximately 19.8 deg, a small increase when compared to 0.4481
nm from SmartLab at the same 2 ș angle. This indicates that the sample may gain more
moisture in the chamber in Ultima III.
Otherwise, SmartLab provides information at low angles starting from 0 deg, while
Ultima III cannot. The information of d-spacing within 2ș range of 1 deg to 10 deg is
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essential to calculate the interstitial spacing between major layers where hydrates might
form or biosurfactants might accumulate. Moreover, SmartLab provides a much higher
intensity and smoother pattern, although Ultima III demonstrates a higher sensitivity. It
would be easier to identify the peaks displayed in the pattern from SmartLab.
In conclusion, SmartLab provides necessary information and better resolutions, so
was used thereafter in the following analyses.

5.3.2

Freezing Effect on Nontronite
Nontronite is a moderately swelling clay in the smectite group. Influences on

interlayer spacing from freezing the material were studied. This was done to indicate
alterations to the material during the hydrate formation process and during freeze-drying of
the sample preparation. The experiments were conducted in triplicate and the XRD
patterns of three groups of frozen and non-frozen samples were collected and compared.
Figures 5.13 through 5.15 show the XRD patterns of nontronite with 2ș angles
from 1 deg to 12 deg. The pattern in blue represents frozen sample and the pattern in red
represents non-frozen sample in each graph. The calculated d-spacing values of frozen
samples in Table 5.5 were 1.528 nm, 1.502 nm and 1.502 nm, as an average of 1.511 nm.
The d-spacing values of non-frozen samples were 1.507 nm, 1.528 nm and 1.528 nm, as an
average of 1.521 nm. It is evident from directly reviewing the patterns that the differences
in d-spacing were not significant. It is concluded that a structure change did not occur
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during the freeze-thaw process. The intensities of peaks in the XRD patterns also varied in
the three runs within a relatively small range. Taking experimental errors into
consideration, it is concluded that almost no freezing effects on nontronite crystal
interlayer spacing occurred from a freeze-thaw cycle.

Table 5.5 d-spacings of frozen and non-frozen nontronite samples
Cycle
1st run
2nd run
3rd run

dfrozen, nm
1.528
1.502
1.502

dnon-frozen, nm
1.507
1.528
1.528

ǻd, nm
+ 0.021
- 0.026
- 0.026

Figure 5.13 XRD patterns for frozen and non-frozen nontronite samples, 1st run
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Figure 5.14 XRD patterns for frozen and non-frozen nontronite samples, 2nd run

Figure 5.15 XRD patterns for frozen and non-frozen nontronite samples, 3rd run
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5.3.3

Hydrate Formation in the Presence of Nontronite
Hydrate formation studies in the presence of nontronite with/without surfactin were

conducted. Nontronite samples were prepared and denoted as NW, NWH, NWS and
NWSH and tested with deionized water with/without hydrate formation, nontronite with
surfactin solution with/without hydrate formation, respectively. The first series of runs
were carried out in an agitated system with a magnetic stirring bar. A second series of runs
were carried out in a quiescent system with stainless steel coils present. In the quiescent
system, temperature was controlled in a 0.5 °C to 7.5 °C to 4.0 °C cycle to enhance hydrate
formation. Finally, equilibrium was reached when most of the water molecules were turned
into the hydrate phase.
The results in d-spacing from the first series are shown in Figure 5.16 and the terms
used are defined in Table 5.6. The d-spacing decreased slightly after hydrate formation for
samples with/without surfactin present, indicating that the interstitial water between the
two major layers was removed to form internal or external hydrates. Minor decreases in
d-spacing after nontronite samples were saturated with surfactin solution indicate that the
entire surfactin molecule did not completely enter the water exchangeable interlayer.

Table 5.6 Define the terms used for nontronite samples
Term
NW
NWH
NWS
NWSH

Nontronite Sample
Nontronite, distilled water
Nontronite, gas hydrate
Nontronite, surfactin
Nontronite, surfactin, hydrate
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Table 5.7 d-spacings of each nontronite sample
Cycle
1st run
2nd run

dNW, nm
1.533
1.533

dNWH, nm
1.528
1.517

dNWS, nm
1.523
1.269

dNWSH, nm
1.522
1.424

1.600
1.550

1.533

1.528

1.523

1.522

d-s pac ing , nm

1.500
NW I

1.450

NW H I

1.400

NW S I

1.350

NW S H I

1.300
1.250
1.200

Figure 5.16 Calculated d-spacing for nontronite samples, 1st series

Figure 5.17 shows a similar trend where d-spacing decreased with the addition of
surfactin. But it demonstrated a different trend of d-spacing increasing after hydrate
formation with surfactin added into the quiescent system.
It is believed that the adsorption of surfactin on the surface of clay particles was
altered in the process of hydrate formation along a temperature cycle. At least part of the
surfactin molecule may have entered into the interlayer of nontronite when hydrates
formed. It is apparent that water was extracted from the interlayer of nontronite by
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adsorbed surfactin, even when hydrates formed. This could impact the memory effect if the
extracted water was structured.

1.600
1.550

1.533

1.517

d-s pac ing , nm

1.500
1.424

1.450
1.400

NW H II
NW S II

1.350
1.300

NW II

NW S H II
1.269

1.250
1.200

Figure 5.17 Calculated d-spacing for nontronite samples, 2nd series

SEM photos with a magnification of ×20,000 were taken to provide information of
the impact of hydrate formation on the surfaces of clay particles. The following SEM
photos (Figure 5.18) showed that the hydrate formation with clay minerals smoothed their
surfaces (removed white spots initially dispersed on the surface), and altered the shape of
the nontronite surface into sheet-like structures of platelets. There was no visible difference
between nontronite samples with and without surfactin, because the surfactin molecules
are too small to be viewed under SEM.
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Figure 5.18 SEM photo of nontronite; no surfactant, ultrapure water, no hydrates.
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Figure 5.19 SEM photo of nontronite after hydrate formation; no surfactant, ultrapure
water.
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Figure 5.20 SEM photo of nontronite with surfactin; ultrapure water, no hydrates.
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Figure 5.21 SEM photo of nontronite with surfactin after hydrate formation; ultrapure
water.

5.3.4

Freezing Effect on Kaolinite
Effects of freezing in the procedure of treating clay mineral samples have been

studied before (Norrish, 1962). The method of freeze-drying is used in drying clay samples.
Since freeze-drying was also to be used in our XRD measurements, potential effects of
freeze-thaw on kaolin were examined to determine the influence on mineral structure.
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Kaolin samples saturated with deionized water were centrifuged at 6000 rpm for 15
minutes and stored overnight at -20°C. Control samples were stored at room temperature
after centrifuging. The control samples were dried under vacuum for several days and
finally dried with frozen samples in freeze-dry apparatus before analysis of each by XRD.
Figure 5.22 shows the XRD patterns for kaolin samples with and without frozen treatment.
The graph shows an almost complete match in XRD patterns for the two samples,
including d-spacing information.
The results indicate no detectable alteration on inner structure of kaolin from
freezing, only peak intensity is slightly enhanced by freezing. This may be due to the
non-swelling structure of kaolinite, which limits interstitial space for water molecules.
Therefore, freezing water around kaolin particles has no effect on the structure of kaolin
itself.
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Figure 5.22 XRD patterns for frozen and non-frozen kaolin, superposed

5.3.5

Hydrate Formation in the Presence of Kaolinite
Hydrate formation experiments were conducted in the presence of kaolin

with/without surfactin. Kaolin samples were well-mixed with deionized water and formed
hydrates with natural gas, denoted as KDGH. Control samples were taken from the
kaolin-water mixture and stored at 4°C, denoted as KLDW.
Another group of kaolin samples were well-mixed and formed hydrates with 2000
ppm surfactin solution, denoted as KSGH. Again, control samples were taken from the
kaolin-surfactin mixture and stored at 4°C, denoted as KSDW. Four samples of a group
were scanned under XRD (Figure 5.23).
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Figure 5.23 XRD patterns for a series of four kaolin samples, superposed

The XRD patterns for four different samples closely matched each other. Two
major peaks occurred at around 12.3 deg with a d-spacing of 0.718 nm and at around 24.8
deg with a d-spacing of 0.558 nm. The similarity in structures of four samples indicates that
there was no water entering any interstitial space or interlayer within kaolin. This matches
the structural character of kaolinite where oxygen atoms link the tetrahedral sheet and
octahedral sheet without an interlayer spacing for water or other molecular or ion
exchange.
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5.4

Laboratory Gas Mixture Separation by Hydrate Process
Laboratory gas mixture consists of diverse compositions. Typically, experimental

laboratory gas mixture is a mixture of hydrogen, nitrogen, carbon monoxide, methane and
carbon dioxide, which is analogical to the laboratory gas mixture with different
composition. To be representative of laboratory gas mixture compositions, but to maximize
laboratory safety, the laboratory gas mixture chosen for this work contained 2.99% CO,
10.1% H2, 10.0% N2, 25.0% CO2 and 51.91% methane. The major contents in laboratory
gas mixture are CH4 and CO2 in order to better test effects of hydrate formation on
laboratory gas mixture separation.

5.4.1

Effect of Hydrate on Laboratory Gas Mixture Separation
Prior to hydrate formation, initial laboratory gas mixture samples were taken from

the test cell and tested after at least 4 hours when the system reached equilibrium with room
temperature. To study the effect hydrate formation had on separation of each gas
component, samples were taken from the gas phase as well as the hydrate phase after
hydrate formation. The samples were analyzed by gas chromatography and the results
compared with initial gas phase compositions.
Gas hydrates were formed from solutions of 10 mL distilled water containing 1000
ppm SDS at 0.5°C with an initial pressure of 500 psig in an agitated system. The test was
designed to ensure greater than 90% of the free water formed hydrates.
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As a result of gas hydrate formation, methane and carbon dioxide were selectively
removed from the free gas phase and accumulated in the hydrate phase. The initial
compositions of CH4 and CO2 were 53.57% and 24.25%, respectively. Their compositions
were 48.91 % and 48.35 %, respectively, in the hydrate phase. Nitrogen comprised 2.00 %
of gases in the hydrate phase. Carbon monoxide formed a small amount of the hydrate
gases, and its composition in the hydrate phase was only 0.74 %.
Figure 5.24 shows that CO2 was significantly enriched in the hydrate phase, almost
doubling its percent composition in the free gas phase. The lower composition of methane
in the hydrate phase compared to the gas phase suggests that SDS molecules favor CO2
hydrate formation over CH4. No hydrogen appeared in the hydrate phase, indicating the
known fact that its molecular diameter is too small to be retained in the hydrate cage.
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Figure 5.24 Effect of hydrate on the laboratory gas mixture separation

Note that an increase in the composition for any component in the hydrate phase
will result in a decrease in that component in the final gas phase, so that the increase of
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nitrogen and hydrogen in the free gas phase is due primarily to the removal of methane and
carbon dioxide by the hydrates.

5.4.2

Effects of Thermal Conductivity on Gas Mixture Separation
In quiescent systems, additional hydrate forming surfaces may be provided by

inserting a metal tube into the liquid. These metal surfaces of high thermal conductivity
also help remove heat of hydrate formation. When a copper tube was inserted, the amount
of CO2 in the gas phase dropped from 0.160 mol initially to 0.060 mol in the final gas phase
– a removal of 0.100 mol of the CO2 initially in the free gas (Figure 5.25). This decrease in
CO2 in the gas phase was a result of hydrate formation. The removal of methane from the
free gas was 0.153 mol in Cu-SDS system and was 0.205 mol in SS-SDS system. The
results suggest that the copper tubing exhibited better selectivity than the stainless steel
tubing on promoting the formation of CO2 hydrates over methane hydrates. Note that the
heat of formation of CO2 hydrate is greater than that of CH4 hydrate, necessitating the
removal of more heat, as was possible with the higher copper thermal conductivity.

85

H2
0.080
0.070

0.025

0.080
0.067
0.067

0.070

0.060

0.058
0.054

0.060

0.050

0.022

0.069
0.066

0.060
Amount of gases, mol

CO

N2

0.050
0.039

0.040

0.020

0.019
0.018
0.016

0.015

0.040

0.030

0.030

0.020

0.020

0.010

0.005
0.010

0.010

0.000

0.000

0.000
Cu tube SS tube

Cu tube

CH4

SS tube

CO2

0.450

0.180

0.406
0.400

Cu tube

SS tube

0.384

0.160
0.160
0.145

0.350

0.140

0.300

0.120

0.250

0.231

0.100

Initial

0.201
0.200

0.080

0.150

0.060

0.100

0.040

0.050

0.020

Final
0.060

0.000

0.052

0.000

Cu tube

SS tube

Cu tube

SS tube

Figure 5.25 Laboratory gas mixture separation in quiescent system with addition of extra
metal tube
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5.4.3

Gas Mixture Separation in Quiescent System vs Agitation System
From the previous section, it was concluded that CO2 was partially and

preferentially separated from laboratory gas mixture with a copper tube inserted into a
quiescent system of SDS solution. Hence, a copper tube was added to increase gas
selectivity in each quiescent system in the following experiments.
System agitation utilizing a magnetic stirring bar was studied to obtain the
optimum separation system for laboratory gas mixture. It is understandable that the amount
of hydrates formed in an agitation system is much higher than in a quiescent system. A film
of hydrates may develop on the surface of liquid solution in a quiescent system and block
further formation of hydrates, even in the presence of a copper tube in a SDS solution. This
set of experiments investigated whether an agitation system increases the separation of
laboratory gas mixture while increasing the amount of hydrate formed.
Figure 5.26 shows distinctions between the quiescent and agitation systems. The
amount of CH4 in headspace gas phase decreased from 0.384 mol to 0.231 mol in the
quiescent system, while it decreased from 0.395 mol to 0.256 mol in the agitated system.
The composition of CO2 in the gas phase dropped in each system. The decrease was 62.5 %
of the total initial CO2 in the quiescent system while CO2 was reduced in the gas phase by
45.6 % under agitation. The results show that CO2 hydrates are favored in a quiescent
system. Moreover, Figure 5.26 shows that the absorption of CO2 into liquid phase occurred
immediately after the system was pressurized with laboratory gas mixture and was
87

promoted in the agitated system. These facts suggest that the agitation system exposed
more liquid surface to bulk free gas phase, which result in a higher absorption of CO2 from
the gas phase into the liquid phase.
Therefore, to obtain a better separation for CO2 from laboratory gas mixture, the
quiescent system is preferred. To eliminate the selective effect of copper on CO2 hydrates
and to focus on influences of designed experimental factors on laboratory gas mixture
separation, the agitation system is used in the following experiments.

88

H2
0.080
0.070

CO

N2
0.100

0.067
0.067

0.067

0.094

0.022
0.021

0.090
0.021

0.080
0.069

Amount of gases, mol

0.060
0.070

0.049

0.050

0.067

0.066

0.020

0.060

0.040

0.019
0.019

0.050

0.018

0.040

0.030

0.018

0.018

0.030

0.020
0.020

0.010

0.017

0.010

0.000

0.000

Cu tube

Stir bar

0.016

Cu tube

CH4

Cu tube

Stir bar

CO2

0.450
0.400

Stir bar

0.180

0.384

0.395

0.350

0.160
0.160
0.138

0.140

0.300

0.120

0.256
0.250

0.231

0.100

0.200

0.080

0.150

0.060

0.100

0.040

0.050

0.020

Initial
0.075

Final

0.060

0.000

0.000

Cu tube

Stir bar

Cu tube

Stir bar

Figure 5.26 Laboratory gas mixture separation in quiescent system (Cu tube) and agitation
system
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5.4.4

Effect of Hydrate Formation Temperature on Gas Mixture Separation
In these experiments, the initial temperature of the system was set at 20°C until the

system reached equilibrium. The initial pressure of the system was 560 psig. The
temperature was then decreased to final hydrate-forming levels to determine the effect on
laboratory gas mixture hydrate formation. Figure 5.27 shows that no significant differences
existed between hydrate formed at 0.5°C as compared to -2.0°C.
The reduced amount of CO2 in the final gas phase was higher under a lower
temperature. This is possibly due to increased solubility of CO2 in liquid phase as
temperatures declined, resulting in partial promotion of CO2 hydrate formation. Methane
hydrates were to be prompted at a lower temperature as well. The results suggest that lower
temperature favors the exothermic reaction of hydrate formation.
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Figure 5.27 Effect of temperature on laboratory gas mixture separation
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-2 C

5.4.5

Effect of Different Volume Ratios of SDS Solution to Head Space
In an agitation system with constant total volume, a series of 10 mL, 100 mL and

300 mL solution of 1000 ppm SDS in ultrapure water was tested to determine separation of
gases in the head space. A decreasing trend of CO2 compositions in the gas phase from
initial to final state resulted as the head space decreased. Because of the higher solubility of
CO2 than the other laboratory gas mixture components in water, the amount of CO2 in the
liquid phase increases as the amount of liquid solution increases. On the other hand,
reduced head space easily reflects any minor influence on gas composition.
As shown in Figure 5.28, H2, N2 and CO showed a removal of 0.001 mol, 0.004 mol
and 0.002 mol in the headspace gas as a result of hydrate formation, respectively. The trend
of CO suggests that a detectable amount of CO went into hydrates, which agrees with
results of hydrate phase compositions in previous sections. At the same time, N2 in the
laboratory gas mixture system showed a noticeable decrease in gas composition after
hydrate formed.
The percentage of CO2 removal from initial free gas phase was 23.4 %, 30.8 % and
52.5 % in 10 mL, 100 mL and 300 mL solution system, respectively. The results exhibit a
clear trend that more CO2 in the free gas phase was absorbed in the larger amount of water
solution, which promoted the CO2 hydrate formation.
To obtain moderate separation of CO2 as well as to maintain sufficient gas in the
headspace, 100 mL SDS solution was applied in the following experiments.
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Figure 5.28 Effect of volume ratio of SDS solution to head space
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5.4.6

Effect of Initial Pressure on Laboratory Gas Mixture Separation
Initial laboratory gas mixture pressures of 502 psia and 592 psia were tested in an

agitation system with 100 mL of 1000 ppm SDS in ultrapure water solution. Figure 5.29
shows a minor improvement in CO2 reduction from the low initial pressure to the higher
final pressure. An increase in CO2 solubility at an increased partial pressure may be the
reason for this effect. A much more noticeable decrease in CH4 gas composition occurred
at higher pressure, indicating that more methane hydrate formed under the higher partial
pressure of methane. That is, methane hydrates are more sensitive to pressure than CO2
hydrates are. Therefore, the separation of CO2 should be optimum and conducted at
relative lower pressure, since composition of methane in the hydrate phase increases faster
than CO2 as pressure increases.
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Figure 5.29 Effect of initial pressure on separation
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5.4.7

Effect of Various Surfactants on Gas Mixture Separation
SDS and Silwet L-77 are two common commercial surfactants. SDS is an

amphiphilic molecule with a sulfate endcap. Silwet L-77 is an organosilicon surfactant
with a methoxy endcap. These sets of experiments of laboratory gas mixture hydrate
formation and separation in quiescent systems were to investigate the influences of these
two surfactants that have different molecular structures.
Figure 5.30 shows that Silwet L-77 solution slightly absorbed a small amount of
CO2 and formed hydrates. Methane uptake was undetermined by comparing gas
compositions. Silwet L-77 is a nonionic surfactant and may not accumulate gas molecules
around its hydrophobic segment to promote hydrate formation. Silwet L-77 had much less
effect on laboratory gas mixture separation of any components.
The effect of SDS solution on promoting hydrate formation was significant as
shown in Figure 5.30. Methane composition reduced sharply in the final gas phase,
showing that a considerable amount of methane formed hydrates under the facilitation of
SDS solution. The compositional change in CO2 also indicated a relatively high amount of
CO2 hydrates formed from the SDS solution. As an anionic surfactant, SDS demonstrates
the ability to assist hydrate formation. However, the limitation in applying SDS solution to
laboratory gas mixture separation is that SDS shows a higher affinity to methane molecules
over carbon dioxide molecule, which weakens its separation efficiency.

96

H2

CO

N2
0.071

0.072

0.071

0.071
0.071

0.021

0.021

0.070
0.069

0.021

0.070
Amount of gases, mol

0.022

0.069
0.020

0.069
0.068

0.068

0.067

0.019

0.067
0.066

0.066

0.066

0.019

0.020
0.019

0.067

0.067

0.068

0.019

0.018

0.066
0.018

0.065
0.065

0.064

0.018

0.064

0.063
SDS

0.017

SDS

L-77

CH4

L-77

0.180
0.384

0.384
0.344

0.350

0.160

0.154

0.160
0.140

0.127

0.120

0.300
0.250

SDS

CO2

0.450
0.400

L-77

0.231

0.100

0.200

0.080

0.150

0.060

0.100

0.040

0.050

0.020

Initial
Final
0.060

0.000

0.000
SDS

L-77

SDS

L-77

Figure 5.30 Laboratory gas mixture separation with various surfactants by hydrate
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97

CHAPTER VI
CONCLUSIONS

6.1

6.1.1

Hydrate Formation on Sediments from MC 118

Hydrate Initiation and Formation with Porous Media
Both the hydrate nucleation and formation were enhanced with higher gas

permeability and increased porosity in the sediments. A linear trend of decreasing
induction times as well as increasing formation rates was observed as a consequence of
manually increasing of sand contents by adding Ottawa sand in the laboratory. This
provided higher porosity/permeability for testing the seafloor sediments.

6.1.2

Memory Effect of Seafloor Sediments
The seafloor sediments with in-situ seawater exhibit an unusual permanent hydrate

memory effect. The permanent memory effect could not be eliminated by maintaining the
in-situ sediment system at 20°C for 16 hours, while it could be partially removed in a
packed porous-media system with in-vitro seawater under milder conditions of
temperature and time. It is concluded that sediments from near seafloor vents and hydrate
accumulations maintain the structure of water molecules in the hydrate melts.
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The memory effect becomes partially eliminated when treated at 50°C. Significant
depressions of hydrate formation were observed after treatments at temperatures higher
than 55°C. After subjecting sediments to successively higher temperatures between cycles,
induction times increased an order of magnitude. This indicated the appearance of hydrate
inhibitors in the sediment’s closed system. Moreover, the effect of successive temperature
increases above 50°C showed the removal of memory effects to be accumulative.
The temperature-generated inhibitors exhibit strong impacts on retarding the
hydrate nucleation but not hydrate formation rate and agglomeration. Disruption of
microbial cells after overheating was proved. It is concluded that the generated inhibitors
are the cell-wall fragments from disrupted microbial cells. Microbial cell-wall materials
were inferred to be hydrate inhibitors by previous researchers [Radich, 2009].
Relatively high formation rates were retained after treatment at high temperature.
Therefore, the disrupted cells interfered with the hydrogen bonding of hydrate crystal
initiation but did not prevent agglomeration.
The decrease in initial pressure in the first four cycles suggests residual gas
molecules remained dissolved or adsorbed in the system and possibly played a role in the
memory effect.
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6.1.3

Possible Mechanisms for Hydrate Stabilization and Memory Effect
A mechanism to explain the improved stability of hydrates and water structures

among seafloor sediments was proposed. The biosurfactants produced from microbes
adsorb on the surfaces and perhaps partially in the interlayers of smectite clays. Smectites
in the sediments adsorb edgewise on indigenous microbial cell walls as found by Radich
[2009]. The biosurfactant-clay association accumulates gas and structured water to
promote hydrates. Indications are that hydrates forming may cause the arrangements of
surfactant-clay platelets-microbial cells.
This synergy maintains hydrate-like structured water. Residual amounts of gas
molecules remain adsorbed to the hydrophobic tails of biosurfactant-clay. Once the thermal
conditions subsequently favor hydrate formation, the structured water and adsorbed gas are
brought together to form hydrates more quickly to circumvent the longer stochastic process
– the permanent memory effect.
However, the system becomes damaged once the cells are disrupted at a high
temperature and the system returns to a stochastic process with the fragmented cells
interfering with hydrogen bonding to lengthen hydrate induction time further. These
inhibitors of disrupted microbial cells do not adhere to crystal faces and therefore do not
significantly interfere with formation rate.
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6.2

Hydrate Formation with/without Surfactin in the Presence of Clay Minerals
Since surfactin and smectite clays have been found to promote hydrates, we were

focusing on the effect of hydrate formation on the interlayer structures of clay minerals.
The following conclusions are drawn from the experiments.
1. Freezing has no detectable impact on the interlayer spacings of nontronite and
kaolinite after a freeze-thaw cycle.
2. Hydrate formation with and without the presence of surfactin have no impact
on the structure of kaolinite.
3. The presence of surfactin in water solution decreases the interlayer spacing of
nontronite with/without hydrate formation, indicating that the surfactin
associates with nontronite and extracts water (probably structured) from
interstitial space.
4. Decreases in smectite interlayer spacings after hydrate formation suggest that
the hydrates exhaust the interstitial water.

6.3

Laboratory Gas Mixture Separation
The impacts of various factors to separate CO2 from laboratory gas mixture by

hydrate formation are the following:
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1. Carbon dioxide is favorably sequestered over other components in a quiescent
system undergoing hydrate formation, due partly to its higher solubility in
surfactant water solution.
2. A copper tube inserted into the laboratory gas mixture system displayed greater
ability to accumulate CO2 in hydrates than did a similar stainless steel because
of copper’s higher thermal conductivity and CO2 hydrate’s higher heat of
formation.
3. The higher ratios of water solution to free-gas headspace in a constant-volume
test cell favor CO2 separation.
4. Lower initial pressures favor hydrate separating the CO2 from methane in the
gas mixture.
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APPENDIX A
CALCULATION OF DENSITY OF GAS MIXTURE HYDRATES
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Hydrate densities are calculated based on the dimension of a single unit cavity with
the formula [Sloan, 1998]:
C

ρ=

N

NW ⋅ MWH 2O + ¦¦ yij vi MW j
j =1 i =1

N Ava ⋅Vcell

where:
NW = 46 water molecules per unit cell in sI hydrates
MWj = molecular weight of component j
yij = fractional occupancy of cage i by gas component j
vi = 2 ( small cavities per unit cell) or 6 ( large cavities per unit cell)
NAva = 6.023 × 1023 molecules/mol
Vcell = volume of unit cell
N=2
C=3

Table A.1 List of fractional occupancies at T = 0.5°C
T
32.9 °F (0.5°C)
Equilibrium P 325.83 psia
Fractional Occupancy of Cages:
Small Large
CH4
0.5898 0.4144
CO2
0.2164 0.5574
N2
0.025 0.0058

Table A.2 List of fractional occupancies at T = -2.0°C
T
28.4 °F (-2.0°C)
Equilibrium P 281.92 psia
Fractional Occupancy of Cages:
Small Large
CH4
0.5845 0.4083
CO2
0.2178 0.5632
N2
0.0239 0.0055
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(A-1)

The density of gas hydrates at 0.5°C is calculated from Equation A.1 and Table A.1
is:
ρ=

(46 ×18.016) + (2 × 0.5898 + 6 × 0.4144) ×16.043 + (2 × 0.2164 + 6 × 0.5574) × 44.01 + (2 × 0.025 + 6 × 0.0058) × 28.014)
= 1.015 g / mL
(6.023 ×1023 ) ⋅ (12.0 ×10−8 )3

Similarly, hydrate density at -2.0°C is 1.015 g/mL.
Therefore, the error of total volume in gas phase without correction would be less
than 2%.
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APPENDIX B
CALCULATION OF HYDRATE FORMATION USING PENG-ROBINSON
EQUATION OF STATE
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Peng-Robinson equation of state:

f ( z ) = 0 = z 3 − (1 + B) ⋅ z 2 + ( A − 3B 2 − 2 B) ⋅ z − ( AB − B 2 − B 3 )

A=

B=

0.45724 ⋅ α (ω ) ⋅ Pr
Tr2

(B-2)

0.0778 ⋅ Pr
Tr

(B-3)

α (ω ) = [1 + (0.37464 + 1.54226ω + 0.26992ω 2 ) ⋅ (1 − Tr 0.5 )]2
Pr =

Tr =

Δn1 =

Δn2 =

(B-1)

(B-4)

P
Pc

(B-5)

T
Tc

(B-6)

P
V § Pf
⋅¨
− i
¨
R © z f T f ziTi

·
¸¸
¹

(B-7)

1 § V f Pf Vi Pi ·
⋅¨
−
¸
R ¨© z f T f ziTi ¸¹

(B-8)

ǻn1 was used in calculations of natural gas hydrates without volume correction.
ǻn2 was used for laboratory gas mixture hydrates with volume correction.
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